Instrumentation and current capabilities of soft X-ray (50-2000 eV) spectromicroscopy are outlined with examples from recently published and some new work. Four common techniques are treated-transmission X-ray microscopy (TXM), scanning transmission X-ray microscopy (STXM), X-ray photoemission electron microscopy (XPEEM) and scanning photoemission microscopy (SPEM). I also present a fifth, emerging technique, that of soft X-ray spectro-ptychography which has significantly improved spatial resolution and provides new contrast mechanisms. Perspectives for near future (5-10 years) evolution of soft X-ray spectromicroscopy are outlined based on current trends and instrumentation under development.
Introduction
Spectromicroscopy refers to methods in which imaging and spectroscopic analysis are used in a balanced way. There are many types of spectromicroscopy since almost all possible forms of imaging and spectroscopy can be combined with sufficient ingenuity. This article restricts its scope to those methods in which tunable energy soft X-rays (50 < h < 3000 eV, typically from a synchrotron light source) are used for spectrally sensitive imaging, based on systematic changes of the incident photon energy and/or polarization properties of the soft X-rays, and/or the properties of primary or secondary particles (X-rays, electrons, visible photons, ions, etc) produced by photoionization. There are four common types of soft X-ray spectromicroscopy: scanning transmission X-ray microscopy (STXM), scanning photoelectron microscopy (SPEM), full field transmission X-ray microscopy (TXM) and X-ray photoemission electron microscopy (XPEEM). Fig. 1 presents schematics of these techniques. In addition, this article describes recently developed soft X-ray ptychography, a STXM-based form of coherent diffraction imaging (CDI) which is making dramatic improvements in spatial resolution and spectral sensitivity. All five methods have the potential to perform spectromicroscopy based on near edge Xray absorption fine structure (NEXAFS) contrast. SPEM, and XPEEM, with addition of an electron dispersive analyzer, can also perform spectromicroscopy based on photoelectron spectroscopy contrast. * Tel.: +1 905 525 9140 24749; fax: +1 905 521 2773.
E-mail address: aph@mcmaster.ca SPEM and STXM systems can and have been equipped with silicon drift detectors to allow X-ray fluorescence spectroscopy and XRF-yield NEXAFS detection.
There are closely related spectromicroscopy techniques using tunable hard X-rays but the spectral sensitivity typically is restricted to elemental characterization. NEXAFS in the soft X-ray spectral region has incredible sensitivity to the detailed electronic structure needed to do full speciation -identification of individual chemical species -which is central to the interests of the readers of the Journal of Electron Spectroscopy and Related Phenomena. The soft X-ray region also includes the water window (200-520 eV) which facilitates studies of samples in aqueous environments. Furthermore the spectral resolution and the routinely available spatial resolution (as well as the record spatial resolution) is better in the soft X-ray than in the hard X-ray region.
This article is not intended to cover all of this large and rapidly expanding field, but rather to outline the four main types of instrumentation, illustrate their performance with state-of-the-art instruments, and provide a perspective on expected near future developments. Reviews covering all four types of soft X-ray spectromicroscopy include those by Hitchcock in 2012 [1] , Ade and Hitchcock in 2008 [2] . Bauer [3] recently authored a book on low energy surface microscopy which gives comprehensive coverage of XPEEM and some treatment of SPEM. Günther et al. [4] published a comprehensive review of photoelectron microscopy (SPEM, XPEEM) applied to surface and materials science. Howells et al. [5] reviewed all types of zone plate based microscopy (STXM, TXM, SPEM) with emphasis on the fundamental physics and X-ray optics. Kaulich et al. [6] recently gave an overview of Fig. 1 . Overview of the four common types of soft X-ray spectromicroscopy: scanning transmission X-ray microscopy (STXM), scanning transmission X-ray microscopy (SPEM), full field transmission (TXM) and full field X-ray photoemission electron microscopy (X-PEEM).
instrumentation and applications for X-ray-in/X-ray-out microscopies (STXM with both transmission and fluorescence detection, as well as ptychography). Falcone et al. [7] presented a review intended for non-experts that surveys the whole field of X-ray microscopy, including laboratory and free-electron-laser methods. Older but still authoritative reviews of the field include the book by David Attwood [8] and the review of biological applications by Kirz et al. [9] . A colorful and informative review of the history of the development of soft X-ray microscopy was recently published by Kirz and Jacobsen [10] . The last time a comprehensive treatment of soft X-ray microscopy was presented in this journal was the Special Issue on Soft X-ray Microscopy, Volume 84 (1997). There is an article in this volume by Carpenter et al. [11] which provides a review and perspective on the complementary methods of soft X-ray resonant and non-resonant scattering. A review article focusing on 3D chemical imaging by soft X-ray spectro-tomography has recently been published by Schmid et al. [12] . I also note recent reviews of hard X-ray spectromicroscopy [13] and tomography [14] .
This article is organized as follows. Section 2 gives an overview of soft X-ray spectromicroscopy instrumentation using the highest performing instruments of each of the four classes as examples. This is followed by a set of recent scientific examples using each of the 4 types, chosen to illustrate state-of-the-art capabilities. Section 4 focuses on the emerging technique of soft X-ray ptychography (note hard X-ray ptychography is relatively well developed and is extensively covered in a recent review [13] ). Section 4 describes the ptychography method and presents some recently published results on lithium battery materials and new results on biological magnetism. The final section provides my perspective on near future directions, focusing on new capabilities that are now, or will soon be, possible due to improvements to instrumentation. Emerging applications of soft X-ray spectromicroscopy are also noted. Table 1 is a list of the soft X-ray spectromicroscopy facilities around the world. It lists both existing operational systems and also those under construction or commissioning. Fig. 2a is a temporal display of the evolution of the numbers of each of the 4 types of instruments at synchrotron facilities, as well as their productivity (Fig. 2b) . The annual numbers of publications from each type of microscopy is derived from a bibliography of soft X-ray spectromicroscopy that I maintain, which is available as a supplemental material to this article. Periodic updates are available at http:// unicorn.chemistry.mcmaster.ca/xrm-biblio/xrm bib.html. While I have done the best I could to bring this document up to date with Fig. 2 . Overview of (a) the growth internationally in numbers of soft X-ray microscopes, and (b) scientific output of the 4 types of soft X-ray microscopes. Publications based on soft X-ray ptychography are just starting to appear but this technique is expected to develop rapidly. Spain  BM  270-2600  2013  Operating  Xradia  TXM  ALS  XM1  Berkeley  USA  BM  250-900  1995  Operating  TXM  ALS  XM2 (NCXT)  Berkeley  USA  BM  250-6000  2009  Operating  TXM  Astrid  XRM  Aarhus  Denmark  BM  500  1998  Operating  TXM  Bessy-I  Berlin  Germany  BM  500  1989  Ended 1999  TXM  Bessy-II  U41-TXM  Berlin  Germany  Und-L  250-600  2010  Operating  TXM  Diamond  B24 cryo-TXM  Harwell  UK  BM  250-2500  2013  Operating  Xradia  TXM  NSRL  TXM  Hefei  China  BM  500  2011  Operating  Xradia  TXM  Ritsumeikan  BL12  Kyoto  Japan  BM  500  1996  Operating  XPEEM  Alba  Circe  Barcelona  Spain  EPU  100-2000  2013  Construction  Elmitec  XPEEM  ALS  PEEM-2  Berkeley  USA  BM  175-1500  1999  Ended 2011  custom electrostatic  XPEEM  ALS  PEEM-3  Berkeley  USA  EPU  150-2000  2009  Operating  custom the time I had available, in particular to identify all publications based on synchrotron soft X-ray spectromicroscopy, I am sure it is incomplete and possibly skewed in coverage. I welcome corrections and additions to the bibliography.
Current instrumentation and facilities
Full field transmission X-ray microscopy (TXM) was developed by Schmahl and co-workers at the BESSY I synchrotron in Berlin [15, 16] . The present generation TXM at Bessy II (Fig. 3) is equipped with a full, high resolution monochromator and provides full spectromicroscopy capabilities [18] as do the other soft X-ray TXMs equipped with monochromators at Alba [19] and Diamond. TXMs require incoherent illumination; otherwise there are Frsenel fringes at the boundaries of each object [5] . For systems without a monochromator such as XM-1 [19] and XM-2 [20] at the Advanced Light source (ALS), a large zone plate condenser is used to provide the optimum multi-directional (incoherent) illumination. In spectro-TXM systems (those with conventional monochromators) the X-ray beam delivered by the monochromator is too coherent and thus a rotating capillary optic (Fig. 3a) is used to degrade the coherence [21] . However, it is difficult to achieve uniform illumination in this way. Despite this, interesting spectromicroscopy data has been obtained as exemplified below. An outstanding feature of the Bessy-II spectro-TXM is that it is equipped with a cryo-tomography stage (Fig. 3b) , modified from a transmission electron microscopy (TEM) stage.
Scanning transmission X-ray microscopy (STXM) using zone plate focusing was first demonstrated in 1980 by Sayre, Kirz and coworkers [22] . The first spectromicroscopy publication from STXM was that by Ade et al. in 1992 [23] . Fig. 4a is a photograph of the ambient-STXM [24] at the BL10ID1 spectromicroscopy facility at the Canadian Light source (CLS), which is able to operate in air, He or a low vacuum (∼10 −6 torr), Fig. 4b and c are the UHV enclosure and the interior mechanism of the cryo-STXM, which is presently under commissioning at the CLS. It will have clean, low contamination rate, near-UHV vacuum to enable cryo-spectro-tomography. A modified TEM eucentric stage and cryo-sample rotation system will be used, along with zone plate and order sorting aperture (OSA) scanning rather than the more conventional sample scanning.
Although photoemission electron microscopes (PEEM) with labbased UV sources were developed in the 1930's, the first XPEEM instrument was that at the Synchrotron Radiation Centre (SRC) in Stoughton, WI built by Tonner and Harp [26] . There are now a number of commercial vendors of PEEM instruments designed to adapt to synchrotron facilities. Fig. 5 presents images of the Elmitec PEEM-3 instrument which is used at CLS, Soleil, Elettra, Diamond, Max-III, among other facilities. The configuration in Fig. 5a includes an energy analyzer which allows for energy resolved photoelectron spectroscopy and XPS-based spectromicroscopy, in addition to variation of the incident photon energy (NEXAFS spectral imaging). The CLS XPEEM is equipped with this type of energy analyzer. An upgrade is underway to add a second magnifying column to allow for rapid switching between NEXAFS and XPS imaging modes. Fig. 5b shows the motorized variant of the sample manipulator while Fig. 5c is a photo of the Elmitec sample holder, which is capable of heating to very high temperatures (>2000 • C) as well as liquid N 2 cooling. XPEEM systems are fully UHV systems. They are ideal for examining surface reactions carried out in situ although in many cases they are also used as a near-surface materials analysis tool. Typically samples must be UHV-compatible (low outgassing), conducting and very flat, since field emission occurs from asperities due to the very high electric field (∼10 kV/mm) of the objective lens.
Scanning photoemission X-ray microscopy (SPEM) was first demonstrated by Ade et al. in 1991 [25] . SPEM is very challenging due to (i) the low intensity of the zone plate focused spot (10 7 -10 9 ph/s in ∼100-500 nm), which is orders of magnitude weaker than normal photoemission spectroscopy systems used for angle resolved photoemission (ARPES), and (ii) the yield of at-energy photoelectrons is very low since they are produced only from the outermost ∼0.5 nm of the sample, and which are detected with modest efficiency, even with modern high efficiency lenses and 2D analyzers equipped with multi-channel detectors. Despite these challenges, productive and user-friendly SPEM facilities exist at Elettra, NSRRC, PLS, Soleil and others (see Table 1 ). With recent improvements in energy analyzer efficiency, high precision motion stages, and laser based interferometry, the most recent SPEM systems are able to perform sophisticated photoemission experiments such as band structure determination by angle-resolved PES at a spatial resolution below 100 nm (nano-ARPES). Fig. 6 is a set of images of the nano-ARPES SPEM system at the Antares beamline at the Soleil synchrotron [27] . This sophisticated beam line uses a variable line spacing, variable groove depth plane grating monochromator (VLS-VGD-PGM) and focusing optics pre-and post-monochromator, with the pre-zone plate beam concentrated using a double pseudo-Wolter optic. Despite having 7 optical surfaces (versus only 3 in e.g. the PGM beamlines ALS11.0.2 and CLS 10ID1) its photon flux, brightness and energy resolution are excellent. Antares uses very large zone plates to have a long working distance at relatively low X-ray energy, and very sophisticated interferometer controlled motion systems to achieve precise alignment of the focused beam and the sample at the focal point of the photoelectron energy analyzer. In many ways it sets the standard for state-of-the-art SPEM/nano-ARPES instrumentation.
Examples of recent soft X-ray spectromicroscopy research

Spectromicroscopy in TXMs
The parallel acquisition of full field TXM should make it the premier type of soft X-ray microscopy for 'bulk' studies since it can acquire images much faster than STXM. However, it is only in the last few years that TXMs have been developed at Bessy-II and Alba on beamlines equipped with modern dispersive monochromators, which are essential for high quality spectromicroscopy. Prior to that only very low resolution energy selection (E/ E ∼ 100) was available from the chromatic properties of the condenser zone plates and it was very difficult to do much more than elementally sensitive analysis. Fig. 7 presents the orientation dependent Ti 2p spectra of NaTiO x nanorods [28] obtained from two different nanorods with similar thickness. Understanding the electronic and geometric structure and the chemistry of titania nanomaterials is of great interest at present since these types of materials are being evaluated for possible use in gas sensors, photovoltaics, etc. They are also of fundamental interest since highly anisotropic nanostructured materials, such as NaTiO x nanorods offer good models to study the dependence of electrical, thermal transport and mechanical properties on directionality and size reduction. Without examining the Ti 2p spectra of individual NaTiO x nanotubes using polarized X-rays one might conclude the only aspects of interest are relatively subtle changes in the line shape, which is derived from the complex interplay of spin-orbit splitting (into 6 . Schematic of the Antares beamline at Soleil which features a scanning photoemission microscope (SPEM) specialized for angle resolved photoemission (nano-ARPES) [27] (open access). Fig. 7 . Ti 2p spectra of two different NaTiOx nanorods, recorded with linear horizontal polarization using the full field TXM at BESSY II [28] . The inset figure is a transmission image with the two nanorods identified (figure adapted from [28] , used with permission, Rights Link license 3570550952215). 2p 3/2 and 2p 1/2 ), ligand field splitting (t 2g , e g ), atomic multiplet effects, and covalent metal-ligand interactions. However the pioneering TXM spectromicroscopy study by Guttmann et al. [28] revealed a subtle but significant polarization dependence (linear dichroism) which is manifested as an apparent shift in peak positions (Fig. 7) . Although a complete spectral determination awaits detailed high level calculations, the present understanding is that the shifts are only apparent, and arise from the overlapping dichroism of individual, unresolved transitions that combine to form the complex multi-line spectrum. Other TXM spectromicroscopy include studies of thin graphite flakes at Bessy-II [29] and magnetically sensitive measurements at Alba [30] . Despite the potential of TXM spectromicroscopy, the technique is used primarily for tomography and cryo-tomography (at which it excels) as well as magnetic sensitive imaging and magnetic dynamics (at which it excels). Even when the current challenges of uneven illumination, focal and image drift are solved, there will still be issues with the much higher dose that is inevitable in TXM as compared to STXM, since the inefficient zone plate optic is located after the sample rather than before it. There are very nice examples of timedependent imaging of magnetic dynamics using TXM [31] , but even in this area, where the full field aspect of TXM might seem to be far superior to point-mode imaging in STXM, the record time resolution in magnetic dynamics is held by STXM (∼10 ps in low-alpha mode at Maxymus, Bessy-II [32] ). The ability in STXM to do sub-ps accuracy timing between single photon detection, the bunch-mode trigger and the timing of a magnetization triggering or periodic event, far exceeds the timing accuracy that is possible in TXM due to jitter in camera capture triggering and the relatively slow frame rates.
Spectromicroscopy in STXMs
As is clear from Fig. 2 , there has been tremendous growth in both the number of soft X-ray STXMs and their output over the last 10-15 years. In fact, based on numbers of publications (either in absolute terms or per instrument), STXM is now the most productive of the four common soft X-ray spectromicroscopy techniques. This popularity is related to the broad range of sample systems and processes to which it has been applied. It is particularly powerful for speciation studies of radiation sensitive soft matter samples which are difficult or impossible to study with electron beam based spectromicroscopies such as electron energy loss (EELS) or X-ray fluorescence (EDX) in transmission (TEM) or scanning electron microscopes (SEM). It also has significant advantages for radiation sensitive samples relative to the other 3 types of soft X-ray spectromicroscopies which typically must use much larger doses to get similar quality spectral information due to aspects of the optics (TXM) or intrinsically low yield electron emission processes (SPEM, XPEEM). An interesting comparison in this regard is Fig. 8 which shows the Ti 2p and O 1s NEXAFS spectra of a single NaTiO x sample, from the same batch as that studied by TXM [28] . Since this study was performed at the CLS beamline 10ID1 for which the source is an elliptically polarizing undulator (EPU), it was possible to do detailed studies of the linear dichroism of the same nanorod by rotating the spatial orientation of the electric vector of the linearly polarized light by adjusting the phase of the EPU [33] . The STXM-generated Ti 2p spectra are in good agreement with the TXM results [28] (Fig. 7) . This removed questions raised in the TXM study as to the possibility that the apparent peak shifts were reflecting different chemistry of the two different nanorods, rather than linear dichroism (these types of new materials samples are typically a mixture of a number of different but closely related structures). In addition the spectral resolution of STXM is somewhat higher than the Bessy-II spectro-TXM. In addition to also investigating the O 1s edge, a significant extension of the scope of the investigation has been to use STXM to measure the Ti 2p and O 1s spectra with the E-vector along-rod and across-rod, with the sample mounted at both normal incidence and tilted by 30 • . Appropriate trigonometric analysis of these results has provided unique 3D dichroic signals along the 3 principle axes of the nanorods [34] . The results are in reasonable agreement with high level ab initio calculations of the dichroic spectra. This combined experimental-theoretical study is providing new insights into both the geometry of the NaTiO x nanorods and their electronic structure.
As this article is meant to be illustrative rather than comprehensive, I will just mention some of the major areas where STXM spectromicroscopy is being applied with a few key references for each. In my view one of the biggest areas of impact has been in biogeochemistry where STXM is able to give a balanced, quantitative, spatially resolved speciation analysis of the mineral and biological components. In this broad area, there are many STXM studies of soils [35] , biomineralization [36] , toxic species mobility and immobilization in the environment [37] , etc. Many of these studies are done on wet samples, and some provide 3D chemical imaging using spectro-tomography [12] . Most STXM studies detect the transmitted X-rays and thus are sensitive only to majority components (>1% by mass) without any differentiation of location along the path of the X-ray beam through the sample. However total electron yield (TEY) has been developed successfully at many STXM instruments. TEY provides enhanced sensitivity to species at the sample surface [38] since the typical sampling depth in soft X-ray TEY is a few nm. In order to achieve lower detection limits STXMs at Elettra, ALS and CLS have been equipped with soft X-ray fluorescence detectors which enable detection, mapping and spectromicroscopy characterization of minority species at the sub-0.1% level [39, 40] . Visible light detection (X-ray excited optical luminescence, XEOL) has also been demonstrated in STXM [41, 42] , which allows sensitive detection of luminescent species as well as complementary near IRvisible -UV spectroscopy.
Spectromicroscopy in XPEEMs
Although the PEEM method and commercial instrumentation was developed long ago for lab applications [3] it was only relatively recently [30] that such instruments have been used with synchrotron radiation to enable spectromicroscopy. As UHV surface science instruments, their forte is the chemical analysis and imaging of surfaces with sub-monolayer sensitivity. Most XPEEMs are set up to perform in situ deposition of adsorbates on well characterized substrates under controlled temperatures, often ranging from 100-2500 K. Many metal on metal and metal on semiconductor systems have been explored [3] . However XPEEM has a significant sampling depth -in NEXAFS mode it is 4-10 nm, depending on the material -and thus XPEEM is also a useful technique for spectromicroscopy of many types of samples, as long as the near surface region is representative of the bulk. Fig. 9 shows results from an XPEEM study of a Cr 2 O 3 (0001) thin film sample [43] in which X-ray magnetic circular dichroism (XMCD) [44] at the Cr 2p edge was used to study voltage control of surface magnetization domains. Chromia, Cr 2 O 3 , is a magneto-electric antiferromagnet in which a very unusual specific surface magnetic order enables electric control of a net surface magnetic moment, which is robust against surface roughness. XPEEM-XMCD probes magnetic states at the surface. Above the Néel temperature the surface has a single magnetic state which is determined by the bulk magnetic properties (Fig. 9a) . On cooling to below the Néel temperature, in the absence of magnetic or electric fields, the magnetoelectric effect of Cr 2 O 3 gives rise to an electrically induced magnetic moment, which in turn locally selects and stabilizes one of two antiferromagnetic 180 • domains, which are seeded by unpaired spins at the surface. Magnetic contrast is seen at 223 K in the multi-domain state after zero-field cooling with a characteristic domain size of 3-5 m, and a random 50:50 mix of two magnetic states (Fig. 9b) . However, with cooling in the simultaneous presence of axial electric and magnetic fields, there is a strong preponderance of one domain (Fig. 9c) . The dominant domain is much larger in size than when cooling is performed only in the presence of a magnetic field. The selection of 1 magnetization orientation clearly demonstrates electric control of surface magnetic domains.
Although XPEEM is naturally suited to studies of conducting metallic and semiconductor samples, it has also been applied successfully to organic and insulating samples. If an insulating organic film is sufficiently thin (in my experience, below 50 nm), there is sufficient electrical transport to a conductive substrate that the surface field is stable and imaging and spectromicroscopy can be performed. This mode has been used to study polymer thin films [45] as well as protein and peptide interactions with polymeric biomaterials [46] . In situations where the insulating material is too thick it is still possible to successfully perform XPEEM spectromicroscopy if the surface is modified to supply a lateral conducting metal layer with a region thinned to a few nm to enable electron escape from the underlying sample of interest [47] . A very elegant and interesting application of this approach is to biominerals such as carbonate sea urchin teeth and mollusk shells. Fig. 10 presents a number of examples in which XPEEM spectromicroscopy at the Ca 2p edge has been used to identify the spatial distribution of polymorphs of CaCO 3 as well as their crystalline orientation [48] . The structures typically are found in the form of very fine 'bricks' of alternating orientation. Fig. 8 of [48] presents similar PIC maps of the shells from 8 different mollusk species, illustrating both common features and variability among species. These types of polarization-dependent imaging contrast (PIC) images, which are due to linear dichroism of anisotropic structures, oriented in different spatial directions, are providing useful insights into biomineralization and the role of thin organic interlayers between the individual domains which appear to guide the growth.
Spectromicroscopy in SPEMs
The most recently developed and perhaps the most challenging soft X-ray spectromicroscopy is arguably scanning photoemission electron microscopy (SPEM) which combines a dispersive electron spectrometer, a zone plate focusing system and a zone plate or sample scanning system. Despite the challenges a large amount of high quality science on many different surface and materials systems has been generated by synchrotron SPEMs, perhaps because SPEM is closely related to lab-based spatially resolved X-ray photoelectron spectrometers (XPS) and thus there is a large community of users who can take readily appreciate and take advantage of the enhanced spatial resolution and the access to tunable incident light that synchrotron SPEM provides. Angle resolved photoemission (ARPES) is a photoelectron spectroscopy that provides experimental band structures which are very useful to understand novel complex electronic systems such as high-T c superconductors, magnetic semiconductors, Rashba systems, topological insulators and other exotic materials that arise from complex, highly coupled electronic systems. One of the challenges in this field is the difficulty of making single crystal samples sufficiently large for spectroscopy XPS systems. Thus a SPEM system with versatile sample orientation manipulation capable of ARPES is of great interest to allow studies of sub-micron areas such that ARPES data can be obtained from very small single crystals or single domain appropriately oriented regions in a polycrystalline sample. While the first ARPES results from a submicron area were obtained with a beam focused with Kirkpatrick-Baez optics [49] , the first sub-micron ARPES using zone plate optics was reported by Rotenberg et al. [50] using an extension of an existing SPEM at the ALS in a proof-of-principle experiment. New SPEMs optimized for nano-ARPES have recently been built at Soleil (Antares) and at the ALS (Maestro). Fig. 11 presents recent nano-ARPES results from the Antares SPEM in which band structures have been obtained from sub 100 nm regions of graphene on the C-face SiC [51] . These results showed that multilayer graphene on C-face SiC exhibits multiple bands, indicating that the interaction between graphene layers on C-face and Si-face SiC is similar, contrary to other suggestions [52] .
Ptychography
Ptychography is a coherent diffraction imaging (CDI) technique that uses an X-ray spot created by KirkPatrick-Baez optics or Fresnel ZPs [53] to generate an array of diffraction images from a series of overlapping points on a sample (Fig. 12) . The requirement that the solution of the amplitude, phase and illumination components of the reconstruction for each CDI must match in the 6 adjacent CDI images provides a powerful constraint which leads to rapid and reliable convergence of the analysis compared to all other CDI methods. Spatial resolutions of 10 nm in the hard X-ray [54] and below 3 nm in the soft X-ray [55] have been achieved. Ptycho-tomography has also been implemented with angle scanning of samples to produce quantitative 3D density maps with a 3D isotropic spatial resolution of 16 nm [56] . At present hard X-ray ptychography and ptychotomography is well established, with instrumentation accessible to general users through peer review access at a number of facilities, including SLS and PETRA-III. Ptychography in the soft X-ray region is less well developed, largely because cameras for direct sensing X-rays have a smaller dynamic range and are less efficient than hard X-ray area detectors. The COSMIC beamline at the ALS will be the first beamline dedicated to soft X-ray ptychography. It is expected to be completed by end of 2015, and to be open to general users 1 or 2 cycles after that. Exploratory and developmental soft X-ray ptychography and ptycho-tomography is being carried on other beamlines at the ALS (5.3.2.1, 11.0.2) [55, 57] , as well as at the CLS (10ID1). Fig. 13 presents recent results on spectro-ptychography of LiFePO 4 materials, used in lithium ion batteries [55, 58] from the Nanosurveyor instrument which is a STXM-like instrument at the ALS dedicated to ptychography. Just as with regular STXM, X-ray absorption spectra can be obtained from ptychography by recording data at multiple photon energies and extracting the amplitude (and phase) signal from the same region of space. Fig. 13a are amplitude and phase spectra for the fully lithiated (LiFePO 4 ) and fully delithiated (FePO 4 ) materials. There is a clear shift in the absorption peak of the Fe L 3 → 3d transition from the Fe(II) to the Fe(III) species. While the changes are more subtle, there are also changes in the phase signal. Both signals can and have been used in the chemical mapping. Fig. 13b is the bright field STXM image. The spatial resolution and clarity of detail in the amplitude (Fig. 13c) and phase(Fig. 13d) images is much better, in part due to improved resolution and in part due to alternative contrast mechanisms, especially in the phase channel. Fig. 13e is a color coded composite of the component maps for LiFePO 4 (Fe(II), red) and FePO 4 (Fe(III), blue) derived by a full treatment of the ptychography data measured at 31 energies (see reference spectra in Fig. 13a ) using an automated procedure of complex-valued principal component analysis followed by expectation-maximization clustering (k-means algorithm), and finally singular value decomposition, using both phase and amplitude signals [55] . What is fascinating about this example, beyond the impressive technical achievements and improved spatial resolution, is that other studies [58] have shown that the lithiation and delithiation processes occur sequentially, with all of a particle transforming at once. Thus it is rather rare to find a crystal in mid-transformation, yet this is • along the -K-M direction from 4 different graphene grains at the labeled positions in (a) (adapted from [50] , open access). Fig. 12 . Schematic of ptychography. A zone plate focused 60 nm spot of coherent soft X-rays is scanned over a sample in 40 nm increments to ensure overlap of the probed areas. Diffraction data are recorded by a direct X-ray sensitive camera downstream of the sample. The sample position is stabilized with respect to the zone plate by an interferometer (red arrows) that measures relative displacements in the scanning directions with 1.5 nm resolution. After appropriate analysis, the distribution of photons scattered outside the central annulus (the expanded zone plate illumination) provide the increased spatial resolution of ptychography relative to the corresponding bright field STXM image (from [53] , used with permission, Rights Link license 3570550525651).
the type of data that is needed to give insights into how to further optimize lithium battery materials to achieve a more stable solid electrolyte interphase (SEI) and thus a higher performance system. In this case, the presence of the cracks along the C-axis are likely a manifestation of the expansion and contraction stresses in the lithiation/delithiation processes.
A second example of spectro-ptychography is presented in Fig. 14, where it was used to determine the Fe L 3 spectra and associated X-ray magnetic circular dichroism (XMCD) of individual magnetosomes in a cell of Magnetovibrio blakemorei strain MV-1 magnetotactic bacteria (MTB). For a number of years we have been using STXM-XMCD to study various aspects of the magnetism of MV-1 and other MTB species [59] [60] [61] . Fig. 14a is a STXM image of several cells. The cell on the left with the horizontal magnetosome chain was selected for the ptychography study, since only horizontal chains on samples tilted out of plane give rise to XMCD signal [59] . The 30 • sample tilt means that the cells and magnetosomes are foreshortened horizontally by ∼14%. Fig. 14b is the amplitude image at 708 eV, where the XMCD is strongest, derived from ptychography patterns measured using circularly polarized light (95%). The spatial resolution in the ptycho amplitude image is estimated from edge sharpness to be ∼7 nm, which is much better than the ∼30 nm spatial resolution of bright field STXM images of in-cell MV1 magnetosomes, using the standard 25 nm outer zone, zone plates [60] . Fig. 14c is a color coded composite of the parallel and antiparallel XMCD signals from this chain, derived from ptychography amplitude images at 708.2 eV measured with left and right circular polarized X-rays. One of the themes of a previous study has been the presence of a significant sub-population in MTB where individual cells contain magnetosome chains with what appear to be gaps (missing magnetosomes), and in a further sub-set of such cells the magnetization of the sub-chains on opposite sides of the gap are opposite [61] . This is exactly the case in this cell, now seen with significantly higher spatial resolution than any prior study due to use of ptychography. In addition to higher spatial resolution imaging, ptychography provides much stronger spectral signals of small objects such as magnetosomes, not just because of its higher spatial resolution, but also because the ptychographic reconstruction derives, and corrects for the shape and propagation of the X-ray wave front. This point is made clearly in Fig. 14d which compares the strength of the Fe L 3 spectrum of magnetosomes measured by ptychography with those measured by conventional STXM using 25 nm and 60 nm outer zone plates. This is a general observation which points to significant benefits from ptychography in terms of spectroscopic and thus chemical sensitivity, in addition to the well documented enhancements of improved spatial resolution.
Perspective for near future developments
Instrumentation
Several trends currently in play are going to make significant improvements in soft X-ray spectromicroscopy and ptychography in the near future. Diffraction limited storage rings such as NSLS II, Max IV and Sirius will provide at least an order of magnitude improvement in brightness and coherence in the soft X-ray region (and even more dramatic increases in the hard X-ray region) [62] [63] [64] which will provide large improvements in the performance of zone plate optics and coherent diffraction signals. With these new sources the point probe techniques -STXM, SPEM and ptychography -will have significantly improved performance and throughput. SPEM in particular should greatly benefit from improved brightness which will increase the photon density of the focused beam, giving more photoelectron signal. Given the 5-to 10-fold improvement that ptychography provides relative to the focused spot size [53] , combined with the increasing brightness of newer 3rd generation and diffraction limited light sources, it is likely that most of the existing STXMs and all new STXMs will be equipped with appropriate high dynamic range cameras, high performance computing, and other instrumentation to enable ptychography as a routine, high resolution extension of conventional STXM imaging.
Since ptychography, especially spectro-ptychography and tomo-ptycography, generates very large data sets (0.2 Gb/image, multi-Tb/day [65] ) improvements in the storage, archiving and processing of large data sets are needed, as well as faster computational and display systems. Fortunately with the decreasing cost of both storage and computing, the rapid expansion of the use of graphical processors (GPU) for scientific computing, and the development of reliable, powerful and fast ptychography reconstruction algorithms, these issues are being taken care of and are unlikely to be significant barriers to rapid implementation of soft X-ray ptychography. Even now, the SHARP routine [65] is fast enough that data reduction is possible in about the same time as acquisition so that images can be inspected a few minutes after being recorded. There will be some very fascinating developments in applications of ptychography. On the one hand almost all samples studied to date by soft X-ray ptychography have morphologies and densities that lead to strong coherent X-ray scattering. Thus there is some question if there will be significant signal from the weaker, less structured components (polymers, biological macromolecules etc) which tend to be important samples for the conventional STXM community (compare Fig. 14a and b) . On the other hand, the improved spatial resolution, new signal channels (phase, illumination) and novel approaches to data analysis [55] offer opportunities for qualitatively new information. Better cameras, either direct detection soft X-ray systems or scintillator/visible light systems, are needed to fully take advantage of soft X-ray spectro-ptychography. While direct detection soft X-ray cameras exist they typically have limited dynamic range and slow data transfer rates. For example, with the camera used to record the data of Fig. 14 , the duty cycle was less than 10% due to the long time it takes to transfer each image from the camera. Recently a consortium of the US Department of Energy laboratories have produced a direct soft X-ray camera with good dynamic range and very high image transfer rates which is now used on some ptychography measurements at the ALS. A soft X-ray imaging system with the performance of the Dectris (www. dectris.com) cameras for hard X-rays would be ideal. In some ways a scintillator/visible light system [66] would also be a good solution since this would reduce the risk of damage to a direct X-ray camera if it is exposed to the focused X-ray probe. It would also allow use of the very high performance, single photon sensitive visible light cameras that are now available for optical super-resolution microscopy [67] . However at present the efficiency of the scintillators is a limiting factor.
In the area of electron detection based soft X-ray microscopes, there has been a large effort for more than a decade to implement aberration corrected optics in synchrotron based XPEEM systems. There are commercially available optics, as well as custom systems implemented at Bessy-II [68] and the ALS [69] . While these systems do provide significantly improved spatial resolution for mono-energetic electron distributions, as in LEEM, there has been only limited resolution gains in XPEEM mode, i.e. when synchrotron light is used. The corrected optics provide improved electron transmission [69] which is very helpful when studying radiation sensitive samples. Further improvements in the aberration correctors and their implementation in XPEEM mode are needed. A novel type of PEEM is trPEEM [67] where imaging time of flight electron detection is used, taking advantage of pulsed light sources such as lasers and synchrotrons for spectral imaging with simultaneous spatial and temporal resolution. Continual advances in electronics and narrow pulse light sources (e.g. free electron lasers, FELs) offer interesting opportunities for this method. In SPEM, advanced electron analyzers, improved motion stages and extensive interferometer control are making possible systems that not only can do XPS and NEXAFS spectral imaging, but also fully momentum resolved ARPES systems with sub-100 nm spatial resolution [70] . Recently a SPEM has been developed at the ALS which differentially pumps the electron analyzer enabling ambient pressure (up to 10 torr) photoemission with sub-100 nm spatial resolution [52] . Higher brightness light sources will significantly benefit ambient-SPEM, although there are significant challenges with respect to sample contamination which need to be overcome.
With respect to spectromicroscopy, full field spectro-TXM is perhaps the least developed of the 4 common soft X-ray microscopes. The pioneering work at Bessy-II [17] demonstrating that spectro-TXM can indeed be made to work with a fully monochromated beam points the way. This type of system could greatly benefit from adopting the approaches now common in STXM and SPEM to use active interferometer control of the relative positions of the ZP, sample and objective lens. This would allow for automated, precise tracking of focus and lateral position on the sample as photon energy is changed, which at present seems to be a limitation of spectro-TXM as compared to STXM. Among the 4 techniques it would seem TXM has least to benefit from the upcoming higher brightness light sources. Fig. 2 indicates that, at present, STXM is the most productive of the soft X-ray microscopes. Indeed at most light sources with operating STXMs, the STXM beamline is typically the most competitive across the whole facility in terms of peer reviewed access. While there are more STXM facilities coming (see Table 1 ), it should be possible to increase the efficiency of existing STXMs by introducing faster motion stages. At present, even with very light sample stages, the fastest line scan rate is perhaps 10 Hz. A system constructed entirely from piezo stages has recently been developed at Photon Factory [71] , and that system should be able to work at very fast scan rates. Atomic force microscopes (AFM) have similar issues with respect to tip scanning, and there are now commercial systems able to scan at 100 Hz, enabling video-rate imaging [72] . Similar approaches, particularly those involving scanning the ZP lens rather than the sample, should be possible in STXM. At present, undulator based soft X-ray STXMs routinely use aperturing, not for energy resolution or to achieve diffraction limited focusing, but to reduce the incident flux to within the linear range of the detector (typically 20 MHz). With improved detectors and faster scanning the full potential of these systems could be realized.
For each of these techniques an important and ongoing development is to combine them with other analytical and imaging methods to achieve a synergistic correlative method. A nice example of this is the combination at the XM-2 (NCXT) facility of a TXM microscope optimized for automated X-ray cryo-tomography with a system for optical cryo-tomography with transmission or UV-vis fluorescence detection [73] . One can imagine combining a commercial optical super-resolution microscope with STXM or TXM. In many cases correlative microscopy is achieved in separate instruments with appropriate sample holders and fiducialization systems used to facilitate study of the same sample area/volume by a number of different techniques. Further instrument improvements in these areas offer simple and effective means to increase the impact of soft X-ray spectromicroscopy.
Applications
Any advanced analytical imaging system is only of value if it can be applied to problems of significant fundamental and/or technological importance. Each of the 4 common soft X-ray spectromicroscopies have demonstrated areas where they are 'the best tool for the job'. TXM excels at cryo-tomography of biological samples, particularly whole cells, and at magnetic imaging and dynamics [31] . SPEM provides the power and clarity of XPS for surface analysis. XPEEM is finding many useful applications in the area of thin film and surface analysis, as well as biomaterials [46] and biomineralization [47] . STXM is perhaps the most versatile of the four methods since it has been used to study a very wide range of sample types and processes, including picosecond magnetization dynamics [32] .
Studies of energy materials and processes are an area of rapid development and high scientific activity at many light sources. While investigative and post-mortem analysis is the most common approach, increasingly soft X-ray spectromicroscopes are being used for in situ and even operando studies, whereby the sample is conditioned or transformed inside the microscope, using processes similar to those in a real world application. Thus STXM has been applied to in situ spectro-electrochemistry [74] [75] [76] , in situ controlled humidity studies [77] [78] [79] , in situ catalysis [80] , etc. SPEM has been applied to in situ studies of polymer electrolyte membrane fuel cells [81] and operando studies of solid oxide fuel cell systems [82] . XPEEM is often used for in situ thin film growth studies, as well as variable temperature investigations [43] . With the recent development of single atomic layer graphene wet cells [83] , it will be possible to apply electron detection based spectromicroscopies to samples and processes in a liquid environment. A wider range of applications of in situ methods will be a significant trend in soft X-ray spectromicroscopy in the coming decade. At the same time, in situ and operando capabilities in other types of analytical microscopies are advancing very rapidly so it is important to be aware of those developments and to choose projects where the strengths of soft X-ray spectromicroscopy can be put to good use. In particular, systems to allow heating, fluid flow, electrochemistry, gas-surface reaction, etc, are now commercially available for use in (S)TEM. I expect the spatial resolution of aberration corrected S(TEM), currently sub 100 pm, will be better than anything achievable in soft X-ray spectromicroscopy for the foreseeable future (ok, you smart instrumentation folks, prove me wrong!). Thus it will be in the areas of detailed spectroscopy and applications to highly radiation sensitive samples where soft X-ray spectromicroscopy will have significant advantages. Scientific problems requiring these capabilities are the areas where in situ and/or operando soft X-ray spectromicroscopy has its greatest potential for impact.
All microscopy techniques continually strive for higher spatial resolution. It seems that soft X-ray ptychography will enable routine studies with sub-10 nm spatial resolution, a scale which many define as that of true nano-science. Extending soft X-ray ptychography so as to fully exploit its new spectral content and to enable cryo-spectro-ptychography and cryo-tomo-spectro-ptychography will be challenging areas with much potential reward in the coming years. It is now rather trite to say this, but it is appropriate, in the context of continual improvements in light source stability and brightness, to end this perspective by saying, 'the future for soft X-ray spectromicroscopy is bright indeed!'.
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